Electrochemical interfaces are ubiquitous, and characterisation tools that allow us to interrogate them on the molecular scale underpin a wide range of technologies. Because of their dynamic nature, in situ or operando measurement is often necessary, and the coupling of electrochemical techniques with spectroscopic methods is a powerful solution to this challenge. Vibrational spectroscopy in particular can provide important insights into the chemical nature of species adsorbed at electrode surfaces. When combined with electrochemistry, the influence of a potential perturbation to the interface can be studied, helping to build a complete picture of molecular processes in complex electrochemical systems. Here, we review the latest advances in vibrational spectroscopy at electrochemical interfaces, with a focus on surfaceenhanced approaches including surface-enhanced Raman scattering, shell-isolated nanoparticle-enhanced Raman spectroscopy, tip-enhanced Raman spectroscopy and surface-enhanced infrared absorption spectroscopy.
Introduction
Interfacial chemistry is a cross-cutting discipline, traversing several research areas including electrochemistry, surface science, heterogeneous catalysis and biology. Electrochemical interfaces in particular can be found in an extensive variety of modern technologies, such as sensors and bioelectronics, as well as energy harvesting, energy conversion and energy storage devices. Advancing the fundamental science required to develop such technologies relies on the ability to interrogate surface and charge-transfer phenomena at interfaces. Electrochemical methods go a remarkably long way towards addressing this measurement need, providing important information about the thermodynamics and kinetics of electron transfer across interfaces, and in many cases enabling identification of chemical species via the measurement of redox potentials. However, there are limits to what molecular information can be uncovered using electrochemical techniques alone, and additional characterisation tools are necessary for a complete picture of physical and chemical processes at interfaces. One such tool is vibrational spectroscopy, which enables fingerprinting of unknown molecular species and, particularly in the case of solid-liquid interfaces, can reveal rich insights into the nature of surface adsorbates, such as the binding mode, bond strength and molecular orientation. The in situ coupling of infrared (IR) absorption and Raman spectroscopies with electrochemistry therefore yields exceptionally powerful tools, allowing dynamic interfaces to be probed under a controlled perturbation of the local electric field. Such approaches, which fall under the wider umbrella of spectroelectrochemistry, enable the speciation of surface reaction intermediates and products generated by electrolysis, as well as interrogating the structure of the electrical double layer at the interface between a solid electrode and electrolyte solution.
The field of vibrational spectroscopy at electrochemical interfaces has undergone major developments since the first experiments were reported over half a century ago [1] [2] [3] . The discovery of surface-enhanced Raman scattering (SERS) in the 1970s revolutionised surface spectroscopy [4] [5] [6] , allowing molecular adsorbates with a weak spectral absorption cross section to be detected at sub-monolayer coverages on roughened metal surfaces. The concept of surface-specific signal enhancement at thin metal films was then extended to infrared spectroscopy in the early 1980s with the introduction of surface-enhanced infrared absorption spectroscopy (SEIRAS) [7] . Since these seminal works, the collective field of surface-enhanced vibrational spectroscopy has continued to progress [8] . In particular, a growing understanding of the mechanism of signal enhancement combined with emerging nanofabrication and synthesis methods has fuelled remarkable improvements in observed spectroscopic signal enhancement. Moreover, recent advances have enabled new experiments revealing novel insights into physical and chemical phenomena at electrochemical interfaces. It is the aim of this short review to collect together the most prominent examples from the last decade in which established and emerging approaches to surface-enhanced vibrational spectroscopy have been applied to the study of electrochemical processes at solid-liquid interfaces. Figure 1 gives a schematic overview of the various interfacial phenomena covered by this review that can be monitored using electrochemical surface-enhanced vibrational spectroscopy.
Electrochemical Raman spectroscopy
The combination of Raman spectroscopy with electrochemical techniques is typically achieved by simply coupling a Raman microspectrometer with an electrochemical cell. As a scattering-based technique, electrochemical Raman spectroscopy offers a significant advantage over analogous absorption-based methods since the incident light is not typically absorbed by the electrolyte solution adjacent to the electrode surface. However, a major drawback is that only a very small fraction of the incident photons (~10 −7 ) undergo inelastic scattering [9] , such that the detection of a Raman shift is highly challenging at surfaces, where the number of molecules being probed is very small.
Various strategies have been developed to measure appreciable Raman scattering signals during spectroelectrochemical measurements, the majority of which exploit the SERS effect. Here, we will briefly introduce electrochemical (EC-) SERS and highlight recent progress, before focusing on two emerging methods, namely electrochemical shell-isolated nanoparticle-enhanced Raman spectroscopy (EC-SHINERS) and electrochemical tip-enhanced Raman spectroscopy (EC-TERS). EC-SHINERS allows measurement to be extended to a much wider range of electrochemical surfaces whilst EC-TERS opens the possibility of spectroelectrochemical microscopy with unparalleled spatial resolution. A schematic overview of the various strategies to be discussed is depicted in Figure 2 .
EC-SERS
SERS is well established and has been the focus of several reviews [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The origin of the SERS enhancement effect has been the subject of some debate, although it is generally accepted that the primary mechanism of enhancement is amplification of the local electric field due to the resonant excitation of localised surface plasmons in the metal by the incident light, as well as non-resonant lightning rod effects associated with concentrated field lines at sharp surface features [21, 22] . Additional chemical effects are also known to generate further signal enhancement due to an increase in the Raman cross section of target molecules arising from electronic interaction with the surface [23] , although the scale of this contribution is considered to be significantly less than for the electromagnetic enhancement mechanism in most cases [24] . The combined magnitude of these enhancement effects on the measured Raman scattering signal is quantified by the SERS enhancement factor, reported values of which vary from 10 4 to 10 14 [25] . Such a wide range can be attributed to the high sensitivity of this parameter to the experimental conditions and the optical properties of the surface, as well as inconsistencies in its formal definition. Together with the often unknown influence of surface selection rules on band intensities, these issues make quantitative SERS especially challenging.
It is typically the goal of any EC-SERS experiment to measure the Raman spectra of molecules/ions adsorbed chemically or physically to the surface of an electrode, and monitor changes under the influence of some perturbation, usually due to an applied voltage or current. These changes might be as stark as complete adsorption/desorption of molecules or their (electro)chemical conversion to other species, or may involve more subtle phenomena such as molecular reorientation and rearrangement of the double layer. Interpreting vibrational spectra in order to extrapolate this information is not trivial and often requires the use of atomistic models to calculate bond frequencies of surface-bound moieties. On an experimental level, there are various approaches to implementing EC-SERS, the choice of which depends largely on the nature of the electrode material under investigation. In the following, we discuss two EC-SERS strategies, which we refer to as 'direct' and 'borrowed' .
Direct EC-SERS
In cases where the electrode material of interest exhibits inherent SERS activity, a direct approach to EC-SERS is possible. The coinage metals: Cu, Ag and Au are associated with strong SERS enhancement, since their electronic structure facilitates efficient resonant excitation of surface plasmons by visible light, and as a result, many early examples of EC-SERS were demonstrated on these metals. However, technological interests have driven research towards achieving direct SERS with a much wider range of electrode materials of practical importance. Advances in Raman instrumentation combined with an improved understanding of how manipulating surface morphology at the nanoscale can dramatically increase SERS enhancement has since enabled direct EC-SERS to be achieved on non-coinage metals including Pt, Pd, Ru, Rh, Ni, Co and Fe [11, 26, 27] . A number of approaches to improving the enhancement factor have been employed [28] , which we have classified here as: electrochemically roughened surfaces, nanoparticle ensembles and patterned nanoarchitectures. Electrochemical roughening is achieved by applying oxidation and reduction cycles or pulses to the electrode in an electrolyte solution which leads to atomic restructuring of the surface via either metal dissolution/redeposition or formation and stripping of surface and sub-surface metal oxide. By tuning the potential limits, the metal grain/particle size can be controlled to some extent and the electrode surface area maximised to improve SERS activity [26] . This electrochemical roughening process led to the first observations of the SERS effect and has since been used in a range of studies considering molecular adsorption [29] , electro-oxidation reactions [30] and plasmon-driven redox chemistry [31] . For example, Tian et al. used a square potential waveform to roughen Pd electrodes and measure the potential-dependent adsorption of the model probe molecule pyridine [29] . The SERS enhancement was found to be incident wavelength dependent suggesting that, unlike other transition metals including Pt, Rh, Fe, Co and Ni, electrochemically roughened Pd shows evidence of surface plasmon resonance behaviour. Indeed, the SERS enhancement at roughened Pd was sufficient to observe adsorption of carbon monoxide, which has a very weak Raman cross section.
Whilst electrochemical roughening is easy to implement, its main limitation lies in poor control over surface morphology, uniformity and particle geometry, which are known to strongly influence both electrochemical behaviour and SERS activity [32, 33] . Improved control can be gained by assembling pre-synthesised metal nanoparticles onto an electrode surface. Modern colloidal synthesis allows great control over particle size, shape and crystallinity, such that uniform electrode surfaces can be fabricated reproducibly. Various approaches have been used to deposit nanoparticles uniformly onto the underlying electrode [34, 35] and range from simple drop casting or spin coating, to more involved methods such as tethering to pre-assembled molecular monolayers [36] or exploiting electrostatic attraction to polyelectrolyte films [37] . Other less common approaches include Langmuir-Blodgett [38] and capillary force assembly [39] .
The nanoparticle ensemble approach to EC-SERS has been applied to various systems in recent years including ionic liquid adsorption [40, 41] , pyridine adsorption [42] , uric acid detection [43] and DNA hybridisation [44] . The dye compound Nile Blue (NB) has found significant attention as a probe molecule in this arena due to its strong resonance Raman signal which is lost upon its two-electron reduction [45] [46] [47] [48] [49] [50] . Etchegoin and co-workers developed an electrochemically modulated SERS approach enabling the electroreduction of NB on Ag nanoparticles to be probed at the single molecule level (Figure 3(a) ). Partial electrochemical reduction of surface NB at -0.25 V vs. Ag/AgCl leads to a loss in intensity of the characteristic NB Raman band at 592 cm −1 , measured by time-averaged SERS, but also an unusual shift in the wavenumber (Figure 3(b) and (c)). This was attributed to a molecular ensemble effect in which only those molecules that interact most closely with the electrode and hence exhibit a lower vibrational frequency, are reduced at this potential. By monitoring single molecule redox events, these authors confirmed that NB molecules with the strongest interaction with the electrode surface are indeed reduced at less negative potentials ( Figure 3(d) ) [45] [46] [47] . In related work on NB, Wilson and Willets used superlocalisation SERS microscopy to demonstrate that Ag nanoparticles can be considered as an ensemble of adsorption sites, each with its own site-specific potential, such that the electrochemical reduction potential of individual NB molecules depend on their precise location on the Ag surface [48] . More recently, Ren et al. devised a millisecond time-resolved system showing that the NB reduction on Ag nanoparticles occurs in two different stages, beginning with reduction of monomers, followed by dissociation of aggregated NB molecules [50] .
The highest level of control of surface enhancement can be achieved by creating ordered patterns of nanoarchitectures using templated and/or lithographic methods combined with physical vapour deposition, electrodeposition or self-assembly. One example is nanosphere lithography, in which self-assembled arrays of spheres are used as masks to create regular structures such as discs, pyramids, sphere-segment voids and honeycomb structures of various metals [33, [51] [52] [53] [54] . Other fabrication methods include electron beam lithography [55] , focused ion beam methods [56] , photolithography [57] , and templating followed by electrodeposition [58, 59] . Such techniques are well suited to generating SERS 'hotspots' , i.e. surface features associated with maximum electromagnetic enhancement [60, 61] . Recent applications of EC-SERS at templated electrodes include the study of amino acid binding to copper [62] , measurement of potential induced changes at biological membranes and biomimetic surfaces [63, 64] , and adsorption of pyridine [54] . The highly reproducibile enhancement factors associated with templated SERS electrodes makes them particularly suited to quantitative electrochemical detection. For example, Bartlett and co-workers used an electrochemically deposited silver SERS substrate with a sphere-segment void structure for the quantitative analysis of a covalently attached flavin analogue, and demonstrated that direct contact between the flavin moiety and the metal surface is not necessary to observe a SERS signal [65] .
Borrowed EC-SERS
Despite major advances in improving SERS enhancement through surface manipulation, the requirement that the electrode of interest exhibit some level of SERS activity naturally places limitations on the direct EC-SERS approach. An alternative strategy is to separate the origin of the SERS enhancement from the electrochemistry and achieve enhancement by a proximity effect, for example, by coating a SERS-active material with a non SERS-active metal electrode. As long as the electrode layer is sufficiently thin (of the order of a few nm), the surface can 'borrow' the electromagnetic enhancement associated with the underlying SERS structure [66] [67] [68] [69] [70] . In practice, this is often realised using core-shell nanoparticles (i.e. SERS nanoparticles coated with a shell comprising the electrode material) [66, 71] or by coating an entire SERS substrate with a thin film of the desired metal [72, 73] .
For example, Attard and co-workers used the borrowed EC-SERS approach to investigate the electrochemically induced hydrogenation of α-ketoesters at polycrystalline Pt surfaces deposited onto Au nanoparticle cores [74, 75] . With the help of density functional theory (DFT) modelling, they identified the presence of a half-hydrogenated state in the case of methyl and ethyl pyruvate [75] , but showed that this intermediate did not form for the cyclic analogue ketopantolactone [74] . Recent work has demonstrated that the concept of borrowed EC-SERS can also be extended to the patterned nanoarchitectures described above [76] . Another approach to borrowed SERS is to deposit SERS-active metal (e.g. Au) nanoparticles directly onto the electrode material of interest and exploit the hotspots created by the presence of nanogaps between the SERS particles and the electrode surface [77] . Here, the SERS particles are not considered as an extension of the electrode surface, but instead serve to lend their electromagnetic enhancement to the electrode under investigation. This method, referred to as 'gap-mode' SERS, in principle, significantly broadens the range of materials on which EC-SERS measurements can be performed. For example, Ikeda et al. used this approach to measure the potential dependent SERS enhancement of self-assembled thiol monolayers adsorbed on a range of single crystal Au electrodes [78, 79] , and more recently to study geometric and electronic effects of model isocyanide molecules adsorbed on well-defined Pt electrodes (Figure 4(a) ) [80] . In the latter case, the authors concluded that 4-chlorophenyl isocyanide adsorbs preferentially at hollow sites on Pt(111) and in the atop position on Pt(110), whilst it co-exists in both configurations at Pt(100) and Pt(211) (Figure 4(b) ). Wandlowski and co-workers also used gap-mode EC-SERS to measure the influence of an applied electrochemical gate field on the molecular conformation of adsorbed dithiol molecules sandwiched in the nanogap between Au nanoparticles and Au(100) single crystal electrodes [81] .
EC-SHINERS
A major drawback of many of the above techniques is that the nature of the electrode surface under investigation remains constrained by the need for surface enhancement. In particular, the vast majority of EC-SERS measurements described above pertain to polycrystalline electrodes. Whilst gap-mode SERS allows the concept of borrowing SERS enhancement to be extended to a wider range of surfaces, its application to electrochemical interfaces is limited by the potential interference (chemical or electrochemical) caused by the source of enhancement. In other words, without physical and electrical isolation of the metal SERS particles from the surface, the bulk of the electrochemical response may be dominated by the SERS particles themselves rather than the electrode under investigation.
A major breakthrough in addressing this challenge was reported in 2010 by the Tian group, who coated SERS-active nanoparticles with an ultrathin (~2 nm) dielectric layer of SiO 2 or Al 2 O 3 such that the metal cores still provided borrowed electromagnetic enhancement whilst being physically isolated from the surface upon which they were deposited [82] . The technique, termed shell-isolated nanoparticle-enhanced Raman spectroscopy, or SHINERS, has dramatically expanded the practical application of SERS, enabling measurements on effectively any substrate due to the minimal interference of the 'SHIN' resonators [82] [83] [84] . Procedures to synthesise SHINs are now well-documented [85] , typical particles comprising a 55-120 nm spherical gold or silver core [82, 86, 87] [92] , graphene [93, 94] and other carbon materials [95, 96] . Example core-shell particles are depicted in Figure 5 The substrate generality of SHINERS has greatly benefitted electrochemical Raman spectroscopy and an impressive range of native electrode substrates have been investigated including Ag [97, 98] , Au [99] [100] [101] [102] [103] [104] , Pt [99, 102] , Pd [102] , Rh [105] , Ni alloys [106, 107] , Cu [108] and glassy carbon (GC) [102] . Moreover, SHINERS enables the detailed investigation of single crystal electrodes, which are of tremendous interest as model systems from a surface science perspective, allowing the effect of surface atomic structure on behaviour and reactivity to be systematically investigated [109] . For example, various researchers have investigated pyridine adsorption at single crystal Au and Pt surfaces using EC-SHINERS [100, 101, 110] . The process was found to be highly surface structure sensitive on Au(hkl) as a result of the different surface charge characteristics of the crystallographic faces [100] . Furthermore, at sufficiently high pyridine concentrations, new features appeared in the SHINERS spectra that were attributed to the adsorption of a second adlayer of pyridine ( Figure 5(e) ) [100] . Measurements have also been extended to single crystal SHINERS measurements in ionic liquids [104] .
The surface oxidation of Au electrodes is of great interest to the electrochemist and EC-SHINERS has enabled this to be studied at well-ordered surfaces at a fundamental level. Wandlowski et al. employed a multi-technique approach including complementary SHINERS, SEIRAS, scanning tunnelling microscopy (STM) and electrochemistry to study the electrochemical oxidation of basal and stepped Au(111) electrodes [111] . The authors concluded that, whilst under acidic conditions Au oxidation proceeds directly to AuO, in neutral solutions, the mechanism proceeds via an Au-OH intermediate. This process was later investigated more fully by Li and co-workers, who monitored Au oxidation at Au(111), Au (110) and Au(100) electrodes using EC-SHINERS [112] . They noted that the intensity of the Au-OH bending mode followed the trend Au(111) > Au(110) >> Au(100) which they supposed could explain why the reverse trend is observed for oxygen reduction activity, since the prevalence of Au-OH may retard this reaction.
Beyond fundamental investigations of model systems, SHINERS has also enabled more applied studies, in particular, focusing on electrochemical interfaces relevant to energy conversion/storage and catalysis. For example, Galloway and Hardwick recently used EC-SHINERS to investigate the electrochemical reduction of oxygen in aprotic solvents on Pt, Pd and GC, revealing differences in the nature of superoxide (O − 2 ) bonding to the surface governed by the electrode material [102] . Further catalytic reactions have been probed with EC-SHINERS such as the hydrogenation of various alkynes [113] and the α-ketoester ethyl pyruvate [114] in aqueous solution on single crystal Pt surfaces, using electrochemical hydrogen evolution to trigger the reaction. In the latter case, the dominant surface adsorbate was demonstrated to be highly sensitive to atomic structure of the Pt surface, and in particular, the presence of surface defects. Corrosion inhibitors have also been studied using this approach, which highlighted differences in protective film formation at various metal surfaces under potential control [107, 108] .
EC-TERS
SHINERS offers much greater flexibility than conventional SERS in terms of compatibility with electrochemical interfaces. However, like the other modes of vibrational spectroscopy discussed so far, spatial resolution is at best diffraction limited and spectra are typically recorded as a space-average over a micrometre-sized incident laser spot. Spectroscopic mapping of surfaces is exceptionally powerful in revealing chemical heterogeneities and providing insights into structure-behaviour relationships, but for nanostructured materials, nanoscale resolution is required. Such high-resolution mapping of electrochemical interfaces represents a major challenge, but the emerging technique of EC-TERS has the potential to deliver rich rewards.
In TERS, a sharp metal tip, composed of a SERS-active material (e.g. Au, Ag), is positioned close to the surface under investigation, thus creating a single, localised hotspot [115] [116] [117] [118] . The location of the hotspot can be controlled laterally using piezo-driven positioners, effectively combining the concept of borrowed SERS with scanning probe microscopy. The lateral spatial resolution of the localised nearfield measurement is no longer constrained by the diffraction limit, but instead by the probe apex dimensions, allowing sensitive, label free, non-destructive detection at scales over an order of magnitude smaller than with confocal Raman spectroscopy. TERS can be achieved using an atomic force microscopy (AFM) [119, 120] or STM [115, 116] configuration, with probes composed either entirely of a SERS-active metal or with a thin metal coating to provide the enhancement. A significant issue that has precluded widespread uptake of TERS relates to the reliable fabrication and availability of suitable probes [118, 121] , although recent advances have improved the measurement and understanding of enhancement factors [122, 123] as well as probe degradation mechanisms [124] . Despite these challenges, the potential of TERS for studying surface reactions in situ is well-recognised and advances have been demonstrated in a number of cases [125] [126] [127] [128] [129] .
The application of TERS to electrochemical interfaces is very much in its infancy. TERS in liquid environments was first demonstrated in 2009 using silver-coated AFM probes, with self-assembled molecular monolayers used to protect the tips from contamination [130] . Further applications of liquid TERS have since been demonstrated, including the analysis of lipid bilayers [131] , the adsorption of probe molecules on Au(111) [132] , and TERS imaging in organic liquids [133] . It has taken several years since the first demonstration of liquid TERS to develop EC-TERS but 2015 saw major advances from two independent groups [134, 135] . Ren et al. employed an STM-TERS approach with horizontal illumination (see Figure 6(a)-(d) ) to obtain EC-TERS spectra of molecular monolayers adsorbed at single crystal Au electrodes, and reported significant changes brought about by the potential-induced protonation/deprotonation of the surface-adsorbed species [135] . Using an AFM-TERS configuration, Van Duyne and co-workers studied the redox behaviour of NB at indium tin oxide (ITO) electrodes and postulated that, because of the scale of the experiment, the TERS probe perturbs the electrical double-layer and hence affects the local potential experienced by the molecules at the surface [134] . Moreover, the authors reported step-like features when plotting TERS intensity as a function of potential, characteristic of a single or few-molecule response, but this was highly dependent on the position on the surface, reflecting the non-uniform distribution of surface-adsorbed molecules (Figure 6(e) ). Whilst spatially resolved EC-TERS images are yet to emerge, mapping experiments are expected to be the next step in the evolution of this powerful technique.
Electrochemical infrared spectroscopy
Electrochemical IR and Raman spectroscopy share a great deal in common, but their practical implementation differs considerably. IR absorption spectroscopy does not suffer from the miniscule cross sections associated with Raman scattering, but its coupling with electrochemical techniques presents other challenges that place limitations on electrochemical cell design. The most notable of these is signal attenuation arising from the presence of strongly IR-absorbing, often note: Reproduced with permission from reference [162] . copyright elsevier 2015.
aqueous, electrolyte solutions, and the difficulty this creates in separating signals associated with surface species from those arising from the bulk solution. These issues are addressed in EC-SEIRAS, the IR absorption spectroscopy equivalent of EC-SERS, which will be the focus of this final section.
The SEIRA effect can be understood by analogy with SERS, with both electromagnetic field enhancement due to localised surface plasmons and chemical effects in operation, although phonon resonance in the metal lattice is also known to play a role [136] [137] [138] . SEIRAS has received less attention than SERS, likely because of the much smaller enhancement factors observed, which seldom exceed 10 2 [139] . Nevertheless, the technique can still allow sub-monolayer detection of molecules adsorbed at surfaces and, as demonstrated by the pioneering work of the Osawa group, can provide a valuable tool for investigating electrochemical interfaces in situ [138] .
The most common approach to EC-SEIRAS spectroscopy is to use the Kretschmann configuration for attenuated total reflection (ATR), in which the working electrode is deposited as a thin film on the surface of a bevelled prism and the IR beam is reflected off the interior wall of this prism (Figure 7(a) ). A key advantage of this arrangement is that the incident light does not pass directly through the electrolyte solution, but instead penetrates a small depth (1-2 μm) into solution via an evanescent wave, thus minimising the losses discussed above. Due to the weakness of the IR signal enhancement, EC-SEIRA measurements have been mostly limited to the direct approach, in which the enhancing metal is the electrode itself (as discussed in Section 2.1.1 for EC-SERS). Still, over the last few years a wide range of systems have been investigated in this way.
The electrocatalytic oxidation of formic acid has received considerable attention in recent years, and EC-SEIRA experiments have been performed on Au, Pt and Pd electrodes [140] [141] [142] [143] . C-O bonds have a high IR absorption cross section, making IR absorption spectroscopy particularly suited to detecting adsorbed formate, CO and other intermediates formed during such reactions [144] [145] [146] . For example, Xu and co-workers studied the electroreduction of CO 2 on Cu electrodes and reported that CO and H are able to co-adsorb at low overpotentials, but H can partially displace CO due to stronger Cu-H binding [144] . EC-SEIRAS has also found recent application in the study of photochemical reactions [147, 148] , electrochemical processes in ionic liquids [149, 150] , and a wide range of adsorption phenomena at metal electrodes [151] [152] [153] [154] [155] [156] [157] . Rodes et al. monitored the adsorption of glycine on Au thin films using EC-SEIRAS and confirmed that the preferential binding mode is in a bidentate configuration (Figure 7(b) ) and that co-adsorption of perchlorate anions from the electrolyte takes place [156] . The application of EC-SEIRAS has further been extended to electrochemical interfaces relevant to biology, recent focus being on the development of model biomimetic structures, enabling the behaviour of transmembrane proteins to be interrogated [158] [159] [160] [161] .
Beyond the direct SEIRA approach, one example that could be considered as 'borrowed SEIRAS' was presented by Kuzume and co-workers, in which 25 nm thick Au(111) films were deposited onto the ATR prism and used as a substrate to support a few monolayers of Rh as an electrode material. Despite the ordered nature of the underlying Au film the SEIRA enhancement provided was sufficient to allow the adsorption and oxidation of CO on the Rh surface to be probed by IR absorption spectroscopy (Figure 7(c) ) [162] . The authors concluded that CO oxidation on this surface occurs via a Langmuir-Hinshelwood type mechanism involving adjacently adsorbed OH. The 'borrowed SEIRAS' approach employed potentially opens up EC-SEIRAS to a much wider range of electrode materials through the deposition of SEIRAS-inactive metals on top of SEIRAS-active surfaces.
Conclusions and outlook
The coupling of surface-enhanced vibrational spectroscopy with electrochemical techniques for the in situ characterisation of dynamic solid-liquid interfaces is not without its challenges. However, more than 40 years after the first observation of surface-enhancement phenomena in vibrational spectroscopy, progress continues to be made that improves our understanding of the physical origins of enhancement in SERS, SEIRAS, and their various derivatives. Moreover, rapid advances in our ability to fabricate nanostructured surfaces with high precision and to manipulate their optical properties has allowed scientists to capitalise on these powerful effects, facilitating new breakthroughs in surface and interfacial science.
The future direction of these new breeds of surface vibrational spectroscopy and their combination with electrochemistry is expected to be towards improved temporal and spatial resolution and a broadening in chemical diversity. Examples of single molecule detection and millisecond transient measurement have already emerged, but so far only using direct EC-SERS; extension of these capabilities into the realm of borrowed EC-SERS and EC-SHINERS will be a significant step forward. Many of the examples seen here have related to reversible electrochemical systems, but as experimental timescales shorten, we approach the ability to track short-lived intermediates and probe more reactive interfacial chemistry with wider practical application. EC-TERS is still embryonic, but nevertheless expected to gain considerable momentum in the coming years as methods become better established. High-resolution chemical imaging of electrochemical interfaces is the next major step for this technique, which will allow us to correlate interfacial properties with surface topography at the nanoscale and ultimately with local atomic structure. Also, as highlighted in a recent review by Van Duyne and co-workers [163] , the combination of TERS with electrochemical imaging techniques would mark a further leap forward, enabling localised electrochemical activity and surface chemistry to be probed simultaneously. The field of EC-SEIRAS has, understandably, not enjoyed the same level of attention as EC-SERS, but many of the recent developments in surface Raman scattering techniques could in principle be extended to IR absorption spectroscopy, so there is no doubt scope for further innovation.
The major challenge faced as this exciting field moves forward will be in ensuring that the data acquired can be interpreted confidently. Such evolution will require a clear understanding of nanophotonics, improved knowledge of spectral cross sections and chemical enhancement effects, as well as the help of more sophisticated atomistic modelling to assign vibrational bands, bringing experiment and theory closer together.
